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The cephalochordate amphioxus has a single Hox gene cluster. Here we describe the genomic organization of four adjacent
amphioxus genes, AmphiHox-1 to AmphiHox-4, together with analysis of their spatiotemporal expression patterns. We
emonstrate that these genes obey temporal colinearity and that three of the genes also obey spatial colinearity in the
eveloping neural tube. AmphiHox-1, AmphiHox-3, and AmphiHox-4 show segmental modulation of their expression
evels, a two-segment phasing of spatial colinearity, and, at least for AmphiHox-4, asymmetrical expression. AmphiHox-2
s unlike other amphioxus Hox genes: it does not obey spatial colinearity and it has no positional expression in the neural
ube. AmphiHox-2 is expressed in the preoral pit of larvae, from which the homologue of the anterior pituitary develops. We
uggest that the ancestral role of chordate Hox genes was primarily in the neural tube and that chordate Hox genes can
unctionally diverge in a manner analogous to that of Drosophila ftz or zen. © 1999 Academic PressKey Words: amphioxus; Hox genes; colinearity; segmentation.INTRODUCTION
The conservation of Hox gene clustering is remarkable,
having been described from animals as diverse as nema-
todes, arthropods, nemerteans, echinoderms, cephalochor-
dates, and vertebrates (Kenyon and Wang, 1991; Garcia-
Ferna`ndez and Holland, 1994; Popodi et al., 1996; Kmita-
Cunisse et al., 1998; Martinez et al., 1999). Nonetheless,
several examples of modification have been described. The
physical integrity of the Hox gene cluster has been second-
arily broken in two Drosophila species (von Allmen et al.,
1996) and interrupted by a probable inversion in Caeno-
rhabditis (Bu¨rglin and Ruvkun, 1993). Examples of diver-
gence of individual genes include Drosophila ftz and zen:
Hox genes that have escaped the constraints of spatial
colinearity and diverged structurally and functionally from
their neighbors within a Hox cluster (Dawes et al., 1994;
Falciani et al., 1996).
Another means by which Hox genes have been modified
in evolution is by elaboration of their expression patterns.
Sequence data from this article have been deposited with the
GenBank Data Library under Accession Nos. AB028206–
AB028208.1 Present address: Seto Marine Biological Laboratory, Kyoto Uni-
ersity, Shirahama-cho, Nishimuro-gun, Wakayama 649-22, Japan.
0012-1606/99 $30.00
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All rights of reproduction in any form reserved.For example, mouse Hox genes are spatially expressed in a
multitude of tissues including the neural tube, derivatives
of neural crest cells, somitic mesoderm, intermediate me-
soderm, and lateral plate mesoderm. Several lines of evi-
dence imply that this complexity reflects addition of regu-
latory controls during evolution. For example, the same
Hox gene usually has different spatial expression limits in
different tissues, and enhancers specific for different tissues
have been identified in Hox gene clusters (for example,
Morrison et al., 1997; Zhang et al., 1997). Furthermore,
gain-of-function and loss-of-function mutations in mice
demonstrate that Hox genes play distinct spatial patterning
roles within each tissue type, implying that the elaboration
of Hox gene regulation during evolution has been of func-
tional relevance (reviewed by Krumlauf, 1994).
It is unclear how and when these functional changes
occurred during Hox gene evolution. For example, in which
tissues were Hox genes deployed before the origin of verte-
brates? Which additional expression sites were added before
and after duplication of the Hox gene cluster? In addition to
the evolutionary implications, resolution of these questions
is relevant to analysis of vertebrate Hox gene functions,
since it may reveal the extent to which roles are shared
between the gene clusters. To distinguish ancestral and
derived roles, it is essential to deduce the primitive expres-
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132 Wada, Garcia-Ferna`ndez, and Hollandsion patterns of Hox genes in the ancestors of vertebrates.
Analysis of Hox genes in the cephalochordate amphioxus
can give clues to ancestral patterns when considered in a
phylogenetic context. Cephalochordates are the closest
living invertebrates to the vertebrates (Wada and Satoh,
1994) so comparisons to vertebrates are less likely to be
complicated by excessive divergence in the two lineages.
Any differences observed could have arisen in either lin-
eage; use of an outgroup (such as urochordates) is required
to confidently determine the ancestral state. From the
present perspective, it is also helpful that amphioxus pos-
sesses a single Hox gene cluster; hence, any complications
relating to the independent divergence of paralogous gene
clusters is avoided. In addition, most of the amphioxus Hox
genes are related to the vertebrate Hox paralogy groups in a
simple 1:1 correspondence (Garcia-Ferna`ndez and Holland,
1994). There have been no complicating tandem gene du-
plications in the lineage leading to amphioxus (at least in
the “anterior” and “middle” parts of the cluster).
Expression patterns have been described previously for
two amphioxus Hox genes, AmphiHox-3 and AmphiHox-1
Holland et al., 1992; Holland and Garcia-Ferna`ndez, 1996;
Holland and Holland, 1996). Each gene was shown to have
an anterior expression limit in the neural tube, with
AmphiHox-1 also having epidermal expression. Here we
significantly refine these descriptions using more accurate
methodology, including higher sensitivity protocols, double
in situs, and examination from multiple angles. We also
describe expression of AmphiHox-2 and AmphiHox-4 and
resent full gene sequences for the genes studied. We detect
ntrasegmental periodicity of expression levels, double-
egment periodicity of spatial colinearity, asymmetric ex-
ression of AmphiHox-4, and deviation from colinearity by
he AmphiHox-2 gene. Expression of the latter gene only in
osterior mesoderm (early) and preoral pit (late) is unlike
ther Hox genes; we suggest it has lost its original role in
nteroposterior patterning.
MATERIALS AND METHODS
Cloning and Sequencing
FIG. 1. Genomic organization of AmphiHox-1 to AmphiHox-4. U
ines, open boxes, and closed boxes, respectively. 59 is to the left fGene sequences for AmphiHox-1, AmphiHox-2, and
mphiHox-4 were determined from Branchiostoma floridae
(
c
Copyright © 1999 by Academic Press. All rightenomic clones (Garcia-Ferna`ndez and Holland, 1994) after sub-
loning into pUC plasmid vectors. To determine intron positions
nd polyadenylation sites, cDNA clones of AmphiHox-1,
mphiHox-2, AmphiHox-3, and AmphiHox-4 were isolated from
DNA libraries using genomic clones as probes and partially
equenced. The cDNA libraries were a B. floridae 5- to 24-h embryo
ibrary from J. Langeland (University of Kalamazoo, MI) and a B.
oridae larval library from L. Z. Holland (Scripps Institution of
ceanography, San Diego, CA).
Whole-mount in situ hybridization
B. floridae embryos were collected, fixed, and stored as described
by Holland et al. (1992). Whole-mount in situ hybridization was
performed as described for ascidian embryos by Yasuo and Satoh
(1994), except that treatment with acetic anhydride/
triethanolamine and RNase was omitted, and proteinase K treat-
ment was 2 mg/ml for 10 min (embryos younger than 36 h) or 20–30
in (36- and 60-h embryos). Double-staining in situ hybridization
as performed as described in Wada et al. (1998). Clones used for
IG-labeled probe preparation were the cDNA clones of
mphiHox-1, AmphiHox-2, and AmphiHox-4 and the genomic
lone of AmphiHox-3 used by Holland et al. (1992). A cDNA clone
f AmphiMLC-alk described by Holland et al. (1995) was used as a
emplate for the fluorescein-labeled probe.
RESULTS
Genomic Structure and Sequences of Amphioxus
Hox Genes
Garcia-Ferna`ndez and Holland (1994) demonstrated that
amphioxus Hox genes are arranged in a single cluster in the
genome. Here we investigated the transcription units of the
four most 39 genes in the cluster: AmphiHox-1 to
mphiHox-4. Comparison of cDNA and genomic clones
evealed the presence of a single intron 59 of the homeobox
n AmphiHox-1 and AmphiHox-4, as previously predicted
rom genomic sequence for AmphiHox-3 (Holland et al.,
992). We also confirmed this AmphiHox-3 predicted in-
ron position using a cDNA clone. AmphiHox-2 shares the
ame intron position, plus an additional intron in the 39
ntranslated region (Fig. 1). The complete deduced protein
equences of AmphiHox-1, -2, and -4 were determined
nslated regions, coding regions, and homeoboxes shown as thick
genes.AmphiHox-3 was reported previously). All four genes en-
ode a characteristic hexapeptide N-terminal to the homeo-
s of reproduction in any form reserved.
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class of homeobox genes. The DNA sequences of
AmphiHox-1, AmphiHox-2, and AmphiHox-4 are given in
ig. 2 and are available from the GenBank database.
Spatiotemporal Expression of AmphiHox Genes
Partial descriptions of AmphiHox-1 and AmphiHox-3
expression have been reported previously (Holland et al.,
1992; Holland and Garcia-Ferna`ndez, 1996; Holland and
Holland, 1996). Here we examine these genes in more detail
and compare to the previously unstudied genes
AmphiHox-2 and AmphiHox-4. Refinement of the in situ
hybridization protocol and examination of a greater age
range of embryos and larvae allowed us to detect details of
spatiotemporal expression pattern that were not revealed in
previous studies. Furthermore, because the somites of am-
phioxus are slightly out of phase between the left and the
right side (right somites are displaced posteriorly relative to
their left counterparts), we observed that the relative posi-
tion of neural tube expression against somites can be
misinterpreted if observed from the lateral side. In order to
avoid this problem, we examined boundaries of expression
from the dorsal side of embryos.
AmphiHox-1. The first sign of AmphiHox-1 expression
was observed in late-gastrula embryos (8–9 h) (Fig. 3A).
Expression at this stage is weak and restricted to cells
surrounding the blastopore. We conclude that this is the
earliest stage and site of expression, since no signal was
detected in younger embryos, including 7-h embryos (cup-
shaped gastrula). At a slightly late stage (10 h), a strong
signal is also detected in the neural plate (Fig. 3B); we note
that the anterior border of this neural plate expression
coincides with that in the mesoderm. By 12.5 h develop-
ment, when four or five somite pairs are visible, the
strongest staining in the neural plate is at the level of
somite 4 (s4; Fig. 3C). In 14-h embryos (when 7 somites are
visible), the neural plate expression clearly resolves into
four bilateral groups of cells, at intervals along the antero-
posterior axis. The most anterior patch of expression is
weak and adjacent to the posterior part of s2; each of the
other patches of expression are stronger and located adja-
cent to the posterior part of each subsequent somite (Fig.
3D). Thus AmphiHox1 is expressed segmentally in the
neural plate from the level of mid-s2 to the boundary
between s5 and s6 (s5/6) with a periodicity matching the
somitic segmentation. There is no comparable repeating
expression in mesoderm, although the most posterior me-
soderm is expressing AmphiHox-1 at this stage (Figs. 3D
and 3E). The anterior boundary of AmphiHox-1 neural
expression is one somite more anterior than reported by
Holland and Holland (1996); this reflects the weak expres-
sion detected here at the level of posterior s2. In 18-h
embryos (when 10 somites are visible) expression is ob-
served in the neural tube from the same anterior limit
(mid-s2), but now a posterior limit to expression is evident
(level of s6/7). This is confirmed in embryos in which the
Copyright © 1999 by Academic Press. All rightsomites are made clearer by double-staining in situ hybrid-
ization with AmphiMLC-alk (Holland et al., 1995; Figs.
F–3H). Expression is still detectable in posterior meso-
erm, although the level of expression is decreased com-
ared to that of 14-h embryos (compare Figs. 3E and 3F). As
oted by Holland and Garcia-Ferna`ndez (1996),
mphiHox-1 is also expressed in epidermis with clear
nterior and posterior boundaries; we determined that these
oundaries lie adjacent to somite boundaries s3/4 and s6/7
Fig. 3H). Epidermal expression has not been observed in
ther AmphiHox genes; however, the ascidian group 1 Hox
gene HrHox1 shows a similar epidermal expression domain
(Katsuyama et al., 1994).
AmphiHox-3. The earliest expression of AmphiHox-3 is
observed in 10-h embryos, slightly later than the earliest
AmphiHox-1 expression. At this stage, expression is de-
tected in posterior mesoderm and more strongly in neural
plate cells. The two expressing tissues share a common
anterior boundary (Fig. 4A). Between 10 and 12.5 h of
development the intensity of AmphiHox-3 expression
greatly increases, as noted for AmphiHox-1 between 8 and
10 h. In 12.5-h embryos, AmphiHox-3 expression in the
neural tube has an anterior boundary at the level of s4/5
(Fig. 4B); by 14 h this expression limit is opposite mid-s4
(Fig. 4C). As with AmphiHox-1, the neural expression
shows intrasegmental periodicity in its intensity (stronger
at the level of the posterior halves of somites), and the most
anterior expression is weakest. In 18-h embryos neural tube
expression continues to be observed from the level of
mid-s4, as confirmed by double-staining in situ hybridiza-
tion with AmphiMLC-alk (Figs. 4D–4F). This neural tube
expression reaches to the posterior end of the embryo.
Unlike AmphiHox-1, AmphiHox-3 does not have posterior
limit to expression in the neural tube. Strong expression in
posterior mesoderm is also observed in this stage. This does
not retain a fixed anterior limit relative to any particular
somite, but remains posterior during development. The
intensity of AmphiHox-3 expression in posterior mesoderm
is as strong as in neural tube, in contrast to the mesodermal
expression of AmphiHox-1, which becomes weaker at this
stage. No epidermal expression is observed for
AmphiHox-3.
AmphiHox-4. Expression of AmphiHox-4 is not detect-
able until 14 h, when a weak but specific signal is seen in
posterior mesoderm and neural tube (Figs. 5A and 5B). The
neural tube expression has a clear anterior boundary in 18-h
embryo, at the level of mid-s6 (Figs. 5C–5E). As with
AmphiHox-1 and AmphiHox-3, there is a segmental pattern
to the neural expression, with stronger signals at the level
of the posterior half of somites. Like AmphiHox-3, but
unlike AmphiHox-1, the neural tube expression reaches the
posterior end without a boundary. Expression in posterior
mesoderm is also observed; this does not respect a fixed
anterior boundary relative to the somites (Fig. 5C). An
interesting feature of AmphiHox-4 expression is the asym-
metrical nature of its anterior expression limit in the neural
tube; expression extends more anteriorly on the left side of
s of reproduction in any form reserved.
c134 Wada, Garcia-Ferna`ndez, and HollandFIG. 2. DNA and deduced protein sequences of AmphiHox-1, AmphiHox-2, and AmphiHox-4. Intron sequence shown in lowercase
haracters.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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135Expression of Amphioxus Hox Genesthe embryo (Fig. 5D). This confirms a close relationship
between neural expression patterns and segmentation in
somitic mesoderm, since left somites are displayed slightly
anterior to right somites in amphioxus, particularly toward
the posterior of the embryo.
AmphiHox-2. Although the expression patterns of
AmphiHox-1, AmphiHox-3, and AmphiHox-4 genes are
broadly similar, AmphiHox-2 shows a completely different
pattern of expression. The earliest expression of
AmphiHox-2 is observed in the posterior part of 10-h
embryos (Fig. 6A). However, unlike the expression of
AmphiHox-1 and AmphiHox-3 at the same stage, no clear
expression is observed within the neural plate. In 12.5-h
embryos, expression of AmphiHox-2 is observed within
somite 5, and weaker expression is detected in more poste-
rior mesoderm; signal is not detected in the neural tube (Fig.
FIG. 2—6B). Optical sectioning of 12.5-day embryos confirms that
the expression of AmphiHox-2 is predominantly in somites
Copyright © 1999 by Academic Press. All right(Fig. 6C), quite unlike the expression of the other genes
examined. The mesodermal expression is still detectable in
14-h embryos, but no expression is detected in neural plate
(Fig. 6D). This unusual pattern of expression is transient,
and no expression of AmphiHox-2 is detected in 18- to 36-h
embryos. In 60-h larvae, a strong new signal emerges in the
preoral pit, a large organ located on the left side of the oral
cavity (Fig. 6E). A dorsal view clearly indicates that the
signal is on the left side of the body (Fig. 6F).
DISCUSSION
Spatial and Temporal Colinearity
Analysis of the genomic organization of AmphiHox-1 to
AmphiHox-4 confirmed that these genes are organized in a
tinuedmanner similar to that of their homologues in vertebrates.
All genes encode a hexapeptide motif, separated from the
s of reproduction in any form reserved.
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136 Wada, Garcia-Ferna`ndez, and HollandFIG. 3. Spatial expression pattern of AmphiHox-1. (A) 8- to 9-h amphioxus embryo. (B) Dorsal view of 10-h embryo showing in-phase
xpression in mesoderm and neurectoderm and first segmental stripe (arrowheads). (C) Dorsal view of 12.5-h embryo; somite positions
enoted by arrows. (D) Dorsal view of 14-h embryo, showing four segmental stripes of neural expression adjacent to posterior halves of
omites 2, 3, 4, and 5 but not somite 1 (arrows). (E) Lateral view of 14-h embryo showing domain of neural expression with anterior and
osterior boundaries (arrowheads), and strong expression in posterior mesoderm (arrow). (F) Lateral view of 18-h embryo showing domain
f neural expression, epidermal expression, and reduced expression in posterior mesoderm. (G) Same as F, but double-stained for
mphiMLC-alk expression (red) to reveal somite positions. (H) Dorsal view of 18-h embryo stained as in G. Anterior to the left in all.
IG. 4. Spatial expression pattern of AmphiHox-3. (A) Oblique dorsal view of 10-h amphioxus embryo showing same anterior expression
oundary in mesoderm and neurectoderm (arrowhead). (B) Dorsal view of 12.5-h embryo; somite boundaries shown by arrows. (C) Dorsal
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
e137Expression of Amphioxus Hox GenesFIG. 5. Spatial expression pattern of AmphiHox-4. (A) Lateral and (B) dorsal views of 14-h amphioxus embryo showing weak expression
in posterior mesoderm and neurectoderm. (C) Lateral and (D) dorsal view of 18-h embryo showing neural expression. Note asymmetry in
anterior boundary (arrowheads in D), lack of posterior boundary, and segmental modulation. (E) 18-h embryo double-stained for
AmphiMLC-alk showing the characteristic out-of-phase position of left and right somites; the arrows mark the intersomitic cleft between
somites 5 and 6. The anterior neural expression limit for AmphiHox-4 is opposite the posterior half of s6. Anterior to the left in A–D;
anterior to the right in E. To facilitate comparison, the image in A is reversed horizontally.
FIG. 6. Expression pattern of AmphiHox-2 (A) 10-h amphioxus embryo. (B) Dorsal view and (C) optical transverse section of 12.5-h
embryo, showing expression in somites (arrows). (D) Dorsal view of 14-h embryo. (E and F) 60-h larva showing expression in the preoral pit
on the left side of the body (arrow). Anterior to the left in A, B, D, E, and F.
view of 14-h embryo showing segmental modulation of neural expression with the most anterior stripe adjacent to posterior somite 4;
somites indicated by arrows. (D) Dorsal view of 18-h embryo showing segmental modulation of neural expression and persistent strong
expression in posterior mesoderm (arrow). (E) Lateral view of 18-h embryo, double-stained by AmphiMLC-alk expression (red), showing the
neural expression limit of AmphiHox-3 to be adjacent to the posterior half of s4. (F) Same as D, but double-stained for AmphiMLC-alk
xpression. Anterior to the left in all.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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138 Wada, Garcia-Ferna`ndez, and Hollandhomeobox by an intron. The hexapeptide is expected to
interact with the product of a pbx/exd gene (Mann and
Chan, 1996); this has not yet been cloned from amphioxus.
Genomic analysis revealed no particular surprises, except
for the presence of an additional intron in AmphiHox-2.
Vertebrate Hox genes display a colinear relationship
between position within a gene cluster, anterior expression
limit, and temporal profile of expression (Dolle´ et al., 1989;
McGinnis and Krumlauf, 1992; Duboule, 1994). The rela-
tion between chromosomal position and expression limit
(spatial colinearity) is also displayed by AmphiHox genes,
with the clear exception of AmphiHox-2. A difference
between spatial colinearity in amphioxus and in vertebrates
relates to tissue specificity. In amphioxus, spatial colinear-
ity is confined to the developing neural tube, while in
vertebrates it has been described in neural tube, neural crest
derivatives, pharyngeal ectoderm, somitic mesoderm, and
lateral plate mesoderm. Comparison to urochordates indi-
cates clearly that the amphioxus condition is most likely to
be primitive for chordates and the vertebrate condition
derived. Urochordates (which include the ascidia) represent
the outgroup to amphioxus plus vertebrates. Both ascidian
Hox genes that have been examined to date show spatial
expression only in the central nervous system (Katsuyama
et al.,1994; Gionti et al., 1998), as also described here for
amphioxus. We argue, therefore, that spatial colinearity of
Hox genes was confined to the neural tube in the ancestral
chordates. Vertebrates elaborated on this condition, by
extending spatial colinearity to other tissues. We suggest
this modification of Hox gene regulation was instrumental
in permitting the evolution of increased body plan complex-
ity in vertebrates.
It is intriguing that in echinoderms, also members of the
Deuterostomia, Hox genes do not have colinear expression
in the larval nervous system (Arenas-Mena et al., 1998).
This may indicate that the hypothesized ancestral role for
Hox genes in patterning the nervous system does not
extend beyond the chordates. Alternatively (or in addition),
the echinoderm condition may be derived, particularly
since some other genes have modified expression patterns
in echinoderm development (Lowe and Wray, 1997).
It is intriguing that it is the paralogy group 2 gene that
breaks the spatial colinearity rule in amphioxus, while it is
paralogy group 1 genes in mouse (Wilkinson et al., 1989;
Hunt et al., 1991). These differences imply that neither the
amphioxus nor the mouse variant of spatial colinearity can
be ancestral; both must have derived features. Deducing the
ancestral pattern for chordates requires information from
other taxa, including ascidians. Wada et al. (1998) recently
demonstrated that the ascidian paralogy group 1 Hox gene,
HrHox1, has an anterior expression limit that precisely
abuts the stripe of expression of Pax-2/5/8 (a putative
marker of the midbrain–hindbrain junction). If this is the
most anterior neural region that Hox genes can pattern in
chordates, then the primitive pattern of spatial colinearity
for chordates may have commenced at this point and
proceeded posteriorly. The amphioxus condition could have
Copyright © 1999 by Academic Press. All rightevolved from this state either by posterior displacement of
AmphiHox-1 expression or by anterior displacement of
AmphiHox-3, AmphiHox-4, etc., when the ancestral
AmphiHox-2 domain was “vacated.” Determination of the
expression pattern of ascidian Hox-2 will be useful in
resolving between these alternatives.
Temporal colinearity of amphioxus Hox genes is also
evident. Expression of AmphiHox-1 was first detected at
8–9 h, followed by AmphiHox-2 and AmphiHox-3 at 10 h
and AmphiHox-4 from 14 h. Considering just expression in
neural tube, where spatial colinearity is evident,
AmphiHox-1 and AmphiHox-3 are both detected at 10 h
and AmphiHox-4 at 14 h.
Escape from Colinearity
The expression pattern of AmphiHox-2 is different from
that of the other AmphiHox genes examined. AmphiHox-2
xpression does not seem to respect a precise boundary, and
xpression is never detected in the neural tube at least in
tages examined here: 7 to 60 h of development. This is
articularly significant in light of the fact that spatial
olinearity of AmphiHox genes is restricted to the neural
ube. Thus, AmphiHox-2 has lost the anteroposterior pat-
erning role typical for Hox genes. Similar cases are ob-
erved in Drosophila in which zen and ftz are deduced to be
derived from Hox genes that have lost their function in
anteroposterior patterning (reviewed by Averof et al., 1996).
These genes have other roles in Drosophila embryogenesis;
ftz is a pair-rule segmentation genes, while zen has a role in
patterning dorsally derived structures, including extraem-
bryonic membranes. Similarly, although AmphiHox-2
must have lost the typical role of Hox genes, it has gained a
new specific expression site in the developing preoral pit
(precursor of Hatschek’s pit). In adult amphioxus,
Hatschek’s pit is a secretory organ putatively homologous
to the adenohypophysis, thought to produce hormones
related to gonadotropins (Nozaki and Gorbman, 1992).
Acquisition of a new role may have imposed the necessary
selective constraint to prevent AmphiHox-2 degenerating
into a pseudogene after it had lost its typical Hox function.
Nonetheless, it is noteworthy that the AmphiHox-2 home-
odomain is more divergent from its vertebrate homologues
than is seen for any other amphioxus homeodomain from
paralogy group 1 to 10 (77% versus 80 to 97%; Garcia-
Ferna`ndez and Holland, 1994).
Segmental Expression
Two aspects of amphioxus Hox gene expression could be
described as segmental. First, the anterior expression limits
of AmphiHox-1, AmphiHox-3, and AmphiHox-4 in the
neural tube are spaced at regular two-somite intervals.
These limits lie at the levels of mid-s2, mid-s4, and mid-s6,
respectively (Fig. 7). Double-segment phasing is reminis-
cent of the two-rhombomere spacing for the anterior ex-
pression limits of mouse Hoxb-2, Hoxb-3, Hoxb-4, and
s of reproduction in any form reserved.
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139Expression of Amphioxus Hox GenesHoxb-5 (Wilkinson et al., 1989). This similarity may be no
ore than coincidental, since there is currently no reason
o suppose that rhombomeric segmentation is related to
omitic segmentation by a 1:1 correspondence. It is inter-
sting, however, that several Drosophila homeotic genes
lso show a two-metamere phasing of their anterior expres-
ion boundaries in the ventral nerve cord (Holland, 1990;
irth et al., 1998).
The second aspect of expression that is segmental relates
o the intensities of RNA detection. AmphiHox-1,
FIG. 7. Schematic diagram of 18-h or later amphioxus embry
mphiHox-4. Note the spatial colinearity, intrasegmental modulamphiHox-3, and AmphiHox-4 each have a higher inten-
ity of expression opposite the posterior half of each somite
w
e
Copyright © 1999 by Academic Press. All rightFig. 7). This intrasegmental modulation of AmphiHox gene
xpression in the neural plate commences early in develop-
ent; indeed the first intense stripe of AmphiHox-1 expres-
ion is detected at 10 h. This is earlier than the segmental
xpression of AmphiEn (the amphioxus homologue of en-
railed) in somites, reported by Holland et al. (1997).
odulation of expression level in the neural tube has also
een described in vertebrates, although the patterns have
ess regularity. For example Hoxa-2 shows strong expres-
ion in both rhombomere 3 and rhombomere 5, with
owing expression domains of AmphiHox-1, AmphiHox-3, and
and weaker anterior expression (black shading).eaker expression in other regions of the hindbrain (Hunt
t al., 1991). If we assume that this aspect of Hox gene
s of reproduction in any form reserved.
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140 Wada, Garcia-Ferna`ndez, and Hollandregulation is homologous between amphioxus and verte-
brates, it is simplest to conclude that the vertebrate condi-
tion evolved by secondary reduction of more extreme intra-
segmental modulation, the latter being retained by
amphioxus. In this regard, it is noteworthy that the prod-
ucts of several arthropod Hox genes also show intrasegmen-
tal modulation in intensity (striping), including Drosophila
abdA (Karch et al., 1990; Macias et al., 1990) and Ubx
(Akam and Martinez-Arias, 1985; Struhl and White, 1985)
and Tribolium Abdominal (Shippy et al., 1998) and Ther-
obius Antp (Peterson et al., 1989). It is unclear at present
hether intrasegmental modulation is an ancient feature of
ox genes or a derived feature acquired independently in
ifferent taxa.
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